To maintain the quality of the feathers, birds regularly undergo moult. It is widely accepted that moult affects flight performance, but the specific aerodynamic consequences have received relatively little attention. Here we measured the components of aerodynamic drag from the wake behind a gliding jackdaw (Corvus monedula) at different stages of its natural wing moult. We found that span efficiency was reduced (lift induced drag increased) and the wing profile drag coefficient was increased. Both effects best correlated with the corresponding reduction in spanwise camber. The negative effects are partially mitigated by adjustments of wing posture to minimize gaps in the wing, and by weight loss to reduce wing loading. By studying the aerodynamic consequences of moult, we can refine our understanding of the emergence of various moulting strategies found among birds.
Introduction
Over time the quality of the feathers deteriorates, so birds regularly undergo moult to replace old, worn, feathers. The loss-of-flight feathers poses a potential challenge to birds with respect to flight performance, due to the reduced wing area and altered wing shape due to missing feathers [1, 2] . Some species loose all flight feathers simultaneously, which renders them flightless for some time (e.g. [3, 4] ). Other birds are highly dependent on their flight capacities (e.g. large birds of prey, swifts and many seabirds), so they spread their moult over several months [5] or even years [6 -11] . Most passerines have an annual moult of flight feathers, generally taking place in the time between breeding season and autumn migration. Pressured by time, they face a compromise between duration of the moult and the performance reduction related to moult gaps [12] . In some long-distance migrants, moult tends to take place after the completion of autumn migration [13] .
Even though it is widely accepted that moult affects flight performance, the aerodynamic consequences have so far received little attention. Tucker [14] measured the variation in the maximum glide performance curve, i.e. the lift-to-drag ratio, for a Harris' hawk (Parabuteo unicinctus) that went through a natural moult cycle. He found that the maximum lift to drag dropped from 10.5 to a worst case of about 7 at peak primary moult. Chai [15] studied hovering performance of hummingbirds (Archilochus colubris), both during natural moult and by wing manipulations and found that hummingbirds were still able to fly with a 30% decrease in wing area, compensating by reducing their body mass. Several studies, e.g. Lind [16] and Williams & Swaddle [17] , measured reduced escape performance in moulting birds. In a study on the wake of blackcaps (Sylvia atricapella L.), Johansson & Hedenströ m [18] described an accidental fright moult of the tail, but found this had no noticeable effects on the thrust production in forward flight.
With this study, we aim to shed light on the underlying aerodynamic consequences of moult. We measured the components of aerodynamic drag from the wake behind a gliding jackdaw (Corvus monedula) at different stages of its & 2016 The Author(s) Published by the Royal Society. All rights reserved.
natural wing moult. In gliding flight, weight is balanced by the aerodynamic forces acting on the wing and body of the bird. By definition, we can decompose the resultant aerodynamic force into lift L ¼ W cos g ( perpendicular to the flight path) and drag D ¼ W sin g (along the flight path), where g is the angle between the flight path and the horizontal plane ( figure 1, table 1 ). Drag can be decomposed into three major components:
Induced drag is the cost of lift production:
where q ¼ ð1=2ÞrU 2 1 , r is the air density, U 1 is the air speed and e is the span efficiency factor indicating how effective the available wingspan (b w ) is used for producing lift. In steady gliding flight, the bird can adjust its wingspan [19] , and it may have limited control over the efficiency of the wing [20, 21] . We hypothesize that moult gaps will affect these two variables. Wingspan can be affected either by direct reduction of the maximum wingspan during moult of the outer primaries, or by the bird partially folding the wing to reduce gaps along the trailing edge of the wing. Span efficiency may be affected by changes in lift distribution [2] , or by reducing the vertical separation of the outer primary feathers [22] .
Profile drag represents the more localized interaction between the wing surface and the flow:
where S w is the projected area of the wing and C D,pro is a coefficient representing a characteristic property of the wing profile. When a bird flexes its wings the wing area varies approximately linearly with the wingspan, and the accompanying reduction in profile drag is thought to be the reason why birds flex their wings at higher flight speeds [19] . For most aerofoils, the profile drag coefficient C D,pro is a quadratic function of lift coefficient:
Here, C D,pro,min is the minimum profile drag coefficient corresponding to the lift coefficient C L D,pro,min . The factor k p determines the degree of the lift dependency. The C 0 D,pro, min , C L D,pro, min and k p are characteristic for the specific wing shape. As the moult affects the wing shape, we expect these coefficients to vary throughout the process.
Finally, parasitic drag is associated with moving the body, and any appendages besides the wings, through the flow. We will refer to this component as body drag, as the body is the most contributor to this drag. It can be expressed as
where S b represents the body frontal area and C D,par is the body drag coefficient. Body frontal area is presumably unaffected by wing moult. However, the drag on the tail is inseparable from that of the body, so that moult of tail feathers could affect the body drag directly. The tail is also used to balance the aerodynamic forces around the centre of mass [23] . We expect that the moult will alter the lift distribution on the wings so that we will observe a change in the body drag coefficient.
Material and methods

Experimental set-up
For the experiments, we used the low-turbulence tiltable wind tunnel at the Department of Biology, Lund University, Sweden [24] . The octagonal test section is 1.20 m wide, 1.08 m high and the closed section is approximately 1.2 m long. Downstream of this section is an approximately 0.5 m long gap that allows easy access to the bird. The velocity field in a plane perpendicular to the free stream flow in the wake behind the bird was measured using a particle image velocimetry (PIV) system recording 640 frame-pairs per second. Two LaVision Imager pro HS 4M (LaVision Gmbh, Goettingen, Germany) high-speed cameras 2016 Â 2016 px in stereo configuration were aimed at the left wing tip vortex and an additional two cameras were aimed at the inner wing and body wake region. The combined resolved flow field had a width of 0.45 m and a height of 0.35 m. A 527 nm diode pumped LDY304PIV laser (Litron Lasers Ltd, Rugby, UK) was used to illuminate particles (approx. 1 mm) in a sheet, approximately 3 mm thick in the streamwise direction, aligned with the plane of focus of the cameras (figure 1). The posture of the bird was captured using two LaVision HighSpeedStar3 high-speed cameras 1024 Â 1024 px in dorsal view stereo configuration (figure 1). The cameras were calibrated with a moving checkerboard pattern using routines from the Matlab Computer Vision Toolbox (The Mathworks Inc., Natick, MA, USA).
Study species
A young jackdaw was taken from a study colony near Revingehed, Skåne, Sweden, around the time of fledging (11 June 2013). The bird was kept in an indoor aviary measuring 1.5 Â 1.5 Â 2 m. Food and water were made available ad libitum. Food and bathing water were removed 1 h before training or experiments, to keep the bird motivated and to prevent it from getting soaked. The bird was trained, using positive reinforcement (audible cues followed by a food reward), to return to the experimenter's hand, to stand on a digital weighing balance and to keep position when flying in the wind tunnel. (The bird was first used in experiments reported elsewhere [25] .) Following Pennycuick [26] , maximum wingspan was measured from the bird in the hand, being b w ¼ 0.67 m and wing area was determined from a tracing of the left wing: S w ¼ 0.0652 m 2 (including both wings and the area between the wing roots). For body frontal area, we used the relation S b ¼ 0:0129m 0:614 B [27] , which was based on a wide range of passerines, including two jackdaws. Body mass (m B ) was measured daily and was typically 0.215 kg, resulting in a body frontal area S b ¼ 0.00502 m 2 .
Posture reconstruction
In each view, several key points were digitized as shown in figure 2 ; the tip of the primary feathers (1-10), the tip of the secondary feathers (11 -18) , tertials (19, 20) , tip of the rectrices (21) (22) (23) (24) (25) (26) , body centre line (27, 28) , the shoulder (29) and the wrist (30) . Points 19, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] are not physical marks consistent over all sequences. Instead marks were identified within each sequence. Point 28 (neck) is located at the collar at the transition between fine feathers on the head and the larger body feathers. The feathers on the head meet at the centre line of the head, resulting in temporary natural markers that could be identified in both views throughout several frames. Point 27 (rump) is horizontally aligned between the two central rectrices. The streamwise location is determined similarly to point 28.
The reconstructed points were mirrored in the sagittal plane (through points 27, 28), and the result was visually checked for errors. Inflight wingspan ðb 0 w Þ was determined from the maximum distances between any primary feather point to its respective mirrored point. We define span ratio as the ratio between inflight span and maximum wingspan: b ¼ b t =b w Þ was determined in the same way as wingspan by using the rectrix points instead. For the tail area ðS 0 t Þ an additional point was required, which was positioned 1/3 the distance from the rump to neck (approx. extension of R6 to body centre line in figure 2 ). Body angle (a b ) was determined from the x-and z-coordinates of points 27 and 28. To calculate the spanwise camber a polynomial
was fitted through the trailing edge of the main wing ( points 1 -6 and 11 -16), using the Matlab fit() function, to characterize the shape of the wing (hereŷ ¼ y=b 
Wake analysis
The wake velocity fields were computed in LaVision Davis 8.1.5 using a weighted sliding sum of correlation routine (multipass with final size 16 Â 16 px; 50% overlap). This routine was chosen to compensate the low correlations due to particle loss (due to the largest particle displacement occurring in the smallest dimension of the laser sheet). The raw vector fields were further processed in MATLAB. At each speed each view showed a small (within a range +2% of mean velocity) but distinct false pattern in the background flow in the streamwise direction, most probably due to the relatively high velocity perpendicular to the measurement plane. This pattern was removed by constructing an average second-order surface polynomial that was subtracted from the measured flow, and replaced this with a uniform streamwise velocity based on the mean velocity from the polynomial. Then the two views were merged using weighted averaging, favouring vectors with low temporal signal noise. From the merged velocity field sequences, segments of 40 -60 frames (63-94 ms) were selected, during which the wake did not notably displace or change shape. For these segments the time average velocity field u and the root mean squared time fluctuations u 0 were computed. As only the wake from the left wing and the body were captured, a symmetry plane was defined manually, depending on the available information in the wake to best estimate the location of the right wing tip vortex (figure 3).
Lift was computed using
where
van Dam et al. [28] for a derivation). Induced drag was computed as
where c is the cross-flow streamfunction. The stream function is solved from r 2 c ¼ À v with Dirichlet boundary conditions c ¼ 0 at the wind tunnel walls (using function adaptmesh() from the Matlab Partial Differential equation toolbox (The Mathworks Inc., Natick, MA, USA)). Body drag was computed as:
where the body region was defined manually for every wake based on the pattern of the streamwise velocity perturbation (figure 3). Profile drag of the tail is included in this body drag term, even when the tail was widely spread. Wing profile drag was computed using
where the profile drag region was defined manually to include only the velocity deficit due to the wing and to minimize the influence of noise outside of the actual wake (figure 3). Equation (2.2) only takes into account the affected airstream within the boundaries of the wind tunnel walls, which results in a reduction of induced drag compared with what the same distribution of vorticity would produce in an unbounded flow. Shape specific span efficiency e 0 was corrected for this wall effect by
where we used the wall correction s ¼ 0:108 þ 0:005ðb 0 w =BÞ, with B representing the width of the test section. We determined this correction numerically for this wind tunnel by computing the induced drag of a simulated vortex pair for different wind tunnel sizes. Effects of wake blockage and solid blockage were found to be negligible: ðDu=U 1 Þ wb=sb ( 1%; [29, p. 374 ].
Weight support
For perfect steady gliding flight the total aerodynamic force balances the weight of the bird. In that case, the weight support
We only used sequences where weight support, based on the wake measurements, was between 80 and 120%, which resulted in a dataset of 212 sequences with an average weight support of 1.03 + 0.08 (mean + s.d.).
Statistics
To test the effects of the moult stages on the measures of posture and the various aerodynamic parameters, we used the fitlm() function from the Matlab Statistics Toolbox (The Mathworks Inc., Natick, MA, USA), including the moult stage (MS) as a categorical variable and all other variables as continuous variables. In the following section, we adopted the Wilkinson notation for describing the regression models (
. For including higher order terms (e.g. y U * U * MS), we used the function stepwiselm(), removing higher order terms according to the default 'sse' criterion. Because stage I contained only few data points, it was excluded from the model selection step. For the regressions with profile drag, outliers were identified through robust bilinear weighting. Data points that were assigned zero weight were removed before refitting the model.
Results
Moult process
The bird started moult of the flight feathers on 15 April 2014, loosing both inner primaries (P1) simultaneously, followed by shedding P2 2 days later. P3, P4 and P5 were then shed at intervals of about one week. The remaining primary pairs were shed sequentially every other week (figure 4), ending with P10 on the 30 July. The moult of secondary feathers started from S1 on 3 and 4 June (49 days after P1), progressing inwards at two week intervals until S5/S6. The right S6 was dropped 1 day after the right S5 and a day after both S5 and S6 of the left wing were shed (31 July). May with the central pair R1 progressing outboard up to R4 with intervals of 2, 4 and 2 days, respectively. R5 was dropped 10 days after R4, and R6 9 days after R5. The time between release of the first and last flight feather was 107 days. We did not perform measurements of feather length, and therefore, we have no accurate information on the time taken until feathers reached their full length, but assuming roughly 30 days to regrow each feather, the total moult process lasted about 137 days. This is similar to the moult described for wild jackdaws [31] . Wake measurements were taken at four stages during the moult. The first (stage I) was immediately after loosing P5. The bird had difficulties when gliding steadily, particularly at the very low and very high speeds, resulting in relatively few usable recordings for this MS. The second set of wake measurements (stage II) was taken a week after stage I, before the release of P6. The next stage at which wake measurements were taken (stage III) was right after the bird dropped P9 and the last (stage IV) after loosing P10 (figure 4). For the latter two stages, the recordings were obtained over 2 days. The bird was also flown in the wind tunnel in training sessions that were not recorded, minimizing the risk of the bird developing its skills during the experiment. In the early stages of moult, the body weight of the bird decreased. At stage I, the weight had reduced with 8% compared with pre-moult. At stage II, weight was 6% less than pre-moult. During stage III, the weight was only 1% less than pre-moult, and at stage IV the bird had returned to its original pre-moult weight. Figure 5 shows how the glide posture at different speeds changed throughout the moult. The general patterns of wing flexion and tail folding as a function of speed are similar throughout the moult period. The position of the tertials ( particularly T7) was more outboard during the moult, especially in the last two stages, where the tertials cover the location of the missing inner secondaries. In stage III, P9 is missing and P8 had only reached about half its final length, and it consistently overlapped with P10, which had a similar length to P8. In stage IV, P10 is missing and P9, which is still short, takes over its position.
Posture
Wingspan decreased with speed as illustrated in figure 6a. The fitted curves are quadratic polynomials with speed, with their 95% confidence bounds, which were found to best capture the variation in span ratio (linear regression model b 1 þ U * U * MS, with span ratio b ¼ b For tail area, the differences between moult stages were less pronounced (figure 7b). There were no distinguishable differences between the variation in body angle at the different moult stages. Figure 8 shows the data points with quadratic fitted curves
with a tendency for declining body angle with increasing speed. Much of the unexplained variation should be attributed to measurement uncertainty on the positions of points (27, 28) . Spanwise camber in general increased linearly with speed wakes (e.g. figure 11h ,m). At medium speeds pre-moult tail separation was somewhat larger than during moult. Stage I stands out as having a much steeper decrease of tail separation, but this seems strongly influenced by the single data point available at that speed. Otherwise, there are no discernible differences in tail separation between the moult stages.
Wake description
The vortex structures in the wake reflected the different stages of moult. In the pre-moult condition, negative vorticity was shed more or less evenly behind the left wing (figure 11a-c). During stages I and II (rows 2 and 3 in figure 11 ), there was a region of opposite vorticity at the location of the moult gap at P5 (figure 11d -h). On some occasions an inboard 'tip' vortex (with negative vorticity) was observed of similar strength as the true tip vortex. At stage III this discontinuity was absent ( figure 11i -k) . Instead, a similar, but much weaker discontinuity was observed at the inner wing, though only at speeds below 8 m s 21 ( figure 11i ).
This discontinuity corresponds to the moult gap at S4. Effects of the moult gap in the outer primaries were less obvious. In certain cases, two distinct vortices were formed at the tip, and in many cases, the classical tip vortex was absent, with more vorticity shed inboard of the tip. At stage IV, the wakes were generally very similar to the pre-moult wakes, at least at the low speeds. At speeds above 10 m s 21 , the wake again showed regions of opposite vorticity between the wing root and the tip (figure 11l ). Consistently, there were two or more tip vortices outboard of this region and also one strong vortex (with negative vorticity) some distance inboard (figure 11m). The latter corresponding to the location of the moult gap of S5/S6.
Components of drag
Span efficiency (based on maximum wingspan) generally decreases with flight speed, as shown in figure 12a (e 1 þ U * U * MS, 212, RMSE ¼ 0.080, r 2 ¼ 0.65). Here all moult stages differ from the pre-MS. Span efficiency was generally lower during moult than in the pre-MS. For stages II, III and IV, span efficiency continues to decrease with speed at speeds above 10 m s 21 , whereas it levels off in the pre-MS.
Stage I shows nonlinear behaviour, however, this is based on relatively few data points and should be treated with caution. Much of the variation in span efficiency is related to the in-flight wingspan. Figure 12b shows the shape specific span efficiency, where the effect of span reduction is removed. 
It should be noted here that for stage I a strong nonlinear pattern was found, but because stage I has relatively few data points and none of the other stages had significant quadratic coefficients, the quadratic term was dropped from the regression. Shape specific span efficiency depends on the load distribution across the span, and nonplanar features such as spanwise camber, primary separation and the use of the tail can potentially affect this distribution.
Testing for the effects of these non-planar features Figure 15 shows the profile drag coefficient in relation to the lift coefficient. The fitted curves take into account primary separation and spanwise camber (C ). For the other moult stages C D,par was a little higher (0.27 for II and 0.28 for III), but this difference was statistically indistinguishable among the residual variation. Because the tail wake is included in the body drag measurement, there is a strong relation between tail span and body drag coefficient (
removed), as shown in figure 16b . Only stages II and III show a distinguishable difference with the pre-moult condition, but overall the differences appear to be small.
Discussion
We measured how moult affected the posture and drag components in a gliding jackdaw. During MS I, after shedding the first five primary pairs, the wing area for a given wingspan was reduced with 5% due to missing feathers. At this stage, the weight of the bird was also reduced by 8%, even though the bird was fed ad libitum. This means that the reduced wing area had only a small effect on the wing loading, i.e. the weight reduction compensates for the loss of wing area. In stage II, with P3 mostly grown back, the wing area was not notably different from the other stages, while the weight was still 6% reduced, suggesting an even lower wing loading. In the subsequent moult stages, the in-flight wing area was not substantially reduced compared with rsfs.royalsocietypublishing.org Interface Focus 7: 20160081 pre-moult, and the weight returned to pre-moult levels. A similar pattern of weight loss during moult was found in hummingbirds by Chai [15] , which likewise appeared to compensate for the reduced wing area by losing weight, diminishing the effect of moult on their flight metabolism. That we find this also for a jackdaw suggests weight loss may be a common strategy during moult. Our qualitative interpretation of the glide posture suggests that during moult the bird adjusts its wing shape to compensate for missing feathers. The elbow was moved outboard, resulting in a gap between the body and the tertials, but allowing adjacent feathers to partially cover the moult gaps. This was most apparent at stages III and IV when the inner secondaries were moulted. But also in stages I and II, where P4 and P5 were missing, the more inboard feathers seemed to partially cover the gap (figure 5). That it is the inner wing that moves outwards, rather than the outer wing moving inwards, is corroborated by the fact that stages I and II do not seem to affect the inflight wingspan. Only when the outer primaries are moulting, was the wingspan reduced.
Even though wingspan was not affected in stages I and II, span efficiency was reduced by about 15%. This effect was correlated with a strong reduction in spanwise camber at these moult stages. Jackdaws typically glide with a spanwise camber where the wingtips are pressed down (anhedral). Anhedral is normally associated with roll stability [32] , assumed to come at the cost of increased induced drag due to the inevitable span reduction. In normal conditions, feathers are prevented from bending up under aerodynamic loads rsfs.royalsocietypublishing.org Interface Focus 7: 20160081 by proximal feathers partially covering it. With P4 and P5 missing, the outer primaries are free to collectively bend up, reducing the typical spanwise camber. The correlation between spanwise camber and span efficiency could imply that the spanwise camber plays an essential role for efficient lift production.
In most literature, the vertical separation of the outer primaries is attributed to the function of improving span efficiency. Tucker [22] clipped the outer primaries of a Harris' hawk and studied the effect of this manipulation on the total drag. A strong reduction (44%) in span efficiency was inferred, assuming the profile drag and body drag coefficients were unaffected. In stage III, the jackdaw was moulting the outer primaries, a situation that bears resemblance to the Harris' hawk with clipped primaries. This resulted in a reduced primary separation, and a reduction in span efficiency of 7% compared with pre-moult. However, this decrease also coincides with a reduction in spanwise camber, which seemed to explain the difference in span efficiency for stages I and II. In many of the cases with strong rsfs.royalsocietypublishing.org Interface Focus 7: 20160081 spanwise camber, the vertical shape of the wing resembled a circular arc segment, which has a theoretical maximum span efficiency of e 0 ¼ 1 þ h 2 w [20] . When inspecting figure 13a, the first thing to note is that span efficiency is generally below 1 and, second, the observed range of spanwise camber would only account for a variation of about 4% in efficiency. This suggests the wing is never 'optimally' loaded and the variation in h w coincides with two distinct mechanisms for e 0 to decrease: in stages I and II, a gap between the arm and hand wing caused a strong discontinuity in the lift distribution, deteriorating e 0 , whereas in stage III, the loss of primary separation caused a reduction in e 0 , i.e. a less efficient shape of the wing tip.
The profile drag coefficient, C 0 D,pro , substantially increased for moult stages I and II, with up to 50% near the minimum drag flight speed. Here, primary separation seems to play an important role. An explanation for this may be due to increased friction at low Reynolds numbers. For a laminar flow over a flat plate the friction coefficient is C D,f / Re À1=2 c , where Re c ¼ cU=n, c being the chord length of the plate, and n the kinematic viscosity of air. Splitting a surface in n separated elements causes the Reynolds number of each section to be lower, giving each element a higher drag coefficient. If all segments are of equal length, this results in a combined friction coefficient being ffiffiffi n p times that of the original flat plate. For the three outer primaries of the jackdaw wing, this may amount to a localized 70% increase in friction coefficient. Interestingly, C 0 D,pro also appears to depend on spanwise camber, decreasing the minimum drag and shifting it to higher lift coefficients. As spanwise camber is reduced during stages I and II, their polar curves are shifted up and to the left in figure 15 . At stage III spanwise camber was similarly reduced, but also primary separation had decreased to a minimum, thereby lowering the entire curve compared with stages I and II. At 11 m s 21 by flexing the wings, reducing the wing area by about 25%, the lift coefficient is raised from 0.44 to 0.58. With a spanwise camber of h w ¼ 0.1 this reduces the profile drag by 0.0015, an improvement of 7%. Together with the decrease in area, this amounts to a reduction in profile drag of 30%. With no spanwise camber, h w ¼ 0, the same difference in C 0 L would instead increase C D,pro with 1%, so that the span reduction only reduces profile drag by 24%.
The effects of moult on the body drag appear to be minor. Body drag coefficient is strongly related to tail span, indicating the important role of tail profile drag. For MS III, the maximum tail span was reduced by the moult of the rectrices, so it is expected that the body drag coefficient is larger for any given tail span, as found in figure 16b. For MS II and IV the body drag coefficient approaches unity at the lowest speeds. As seen in figure 16b, these extreme values deviate from the general relation with tail span, suggesting they are not due to tail profile drag. Instead, these high measures for body drag are likely associated with lowering of the legs, which act as air brakes. We observed the lowering of the legs at low speeds, but our camera set-up did not allow for quantification of leg extension. At these low speeds dynamic pressure is very low, so that the bird can use these brakes to control the drag with great precision. Additionally, with the extension of the legs the bird can adjust both the location of the resultant aerodynamic force and the location of the centre of gravity, helping it to find the correct balance (trim condition). Attributing this deviation from the general relation with tail span to leg extension would suggest that the bird uses its legs more frequently across the speed range during tail moult (stage III).
Concluding remarks
From our measurements of aerodynamic performance during the moult of a jackdaw, we can conclude that the bird experienced substantial reductions in glide efficiency. The negative effects are partially mitigated by adjustments of wing posture to minimize gaps in the wing, and by mass loss to reduce wing loading. This is a study of only a single jackdaw, during a single moult, so we should be careful when generalizing our results. However, our findings are in line with other studies [2, 14, 15, 31] . The data we present are on gliding flight, but we expect that moult will affect flapping flight in similar ways. However, the quantitative consequences for powered flight should be investigated further, as for example, the wing deformation of the outer wing observed in stages I and II may have pronounced consequences for the efficiency of thrust production.
We found that the impact on aerodynamic performance differs for different moult stages, where the moult of the inner primaries appears to have the most substantial impact, increasing both induced drag and profile drag. This implies that this particular moult strategy does not aim to spread out the aerodynamic cost of moult equally over the moult period. It is possible that suffering a relatively high aerodynamic cost early during the moult serves to minimize the additional wear to freshly moulted feathers during later stages of moult. Other bird species may have different tolerances regarding the reduction of aerodynamic performance, which would explain why some have evolved alternative moulting patterns [6, 7] .
In addition to the aerodynamic costs of moult, a bird also needs to cover the increased costs of thermoregulation and growth of new feathers [33, 34] . Together, the elevated costs during moult may explain why moult rarely coincides with other demanding processes in the annual cycle, such as feeding young and migration [35] . Wild jackdaws breed in the spring and after breeding they initiate moult.
The moult strategies employed by birds could also inspire solutions for alleviating wing damage in man-made aircraft.
Micro aerial vehicles in particular have potential to benefit from our results, for example, by developing morphing wings.
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